The electronic band structures of hexagonal ZnO and cubic ZnS, ZnSe, and ZnTe compounds are determined within hybrid-density-functional theory and quasiparticle calculations. It is found that the band-edge energies calculated on the G W 0 0 (Zn chalcogenides) or GW (ZnO) level of theory agree well with experiment, while fully self-consistent QSGW calculations are required for the correct description of the Zn 3d bands. The quasiparticle band structures are used to calculate the linear response and second-harmonic-generation (SHG) spectra of the Zn-VI compounds. Excitonic effects in the optical absorption are accounted for within the Bethe-Salpeter approach. The calculated spectra are discussed in the context of previous experimental data and present SHG measurements for ZnO.
Introduction
Wide-band-gap semiconductors have attracted technological interest because of their potential use for devices operating at high power and high temperature and because of the need for optical materials active in the blue-green spectral region. Among these materials, ZnS, ZnSe, ZnTe, as well as ZnO belong to the II-VI compounds, which are characterized by the existence of metal d bands inside the main valence band in column IIB. The electron correlation in the d shell renders the theoretical modeling of these compounds challenging. In the case of ZnO, the hexagonal wurtzite structure is most stable at ambient conditions and thus most common. ZnS, ZnSe, and ZnTe typically have a cubic zincblende crystal structure but can be also prepared as hexagonal crystals with wurtzite structure. These materials have received a lot of attention as blue lasing materials and could be used in the fabrication of heterostructures and optical wave guides [1] [2] [3] [4] . Consequently, these materials were extensively studied. Their linear optical response [5] [6] [7] has been measured, and frequency-dependent second-harmonic-generation (SHG) coefficients have been determined for ZnS, ZnSe, and ZnTe [8] . SHG measurements for ZnO are restricted to specific wave lengths [9] [10] [11] [12] . On the theoretical side, calculations within the independent-particle approximation (IPA) [13] as well as time-dependent densityfunctional theory (TDDFT) calculations are available for the Zn chalcogenides dielectric function [14] as well as for ZnO [7] . TDDFT was also used to determine the SHG in ZnS, ZnSe, and ZnTe [14] , while the ZnO SHG was calculated within the IPA [15] . Quasiparticle energies obtained within the G W 0 0 approach were used by Sponza et al [16] to calculate the ZnO optical response. For ZnO a rigorous treatment of electron-hole excitations based on the Bethe-Salpeter equation (BSE) has also been performed. In this context, Laskowski and Christensen [17] as well as Esser and coworkers [7] used a scissors operator to adjust the DFT band gap to either the measured value or an average G W 0 0 correction, respectively, while Schleife et al [18, 19] used a so-called DFT + U + ∆ method, where in addition to the scissors shift ∆ the Coulomb-interaction term U is adjusted such that the energy position of the d bands matches the hybrid-DFT based G W 0 0 results. Given the interest in the II-VI compounds and the range of their potential application, a comparative study of their electronic properties and dielectric function based on a consistent, state-of-the-art treatment of many-body effects is certainly in order. This is the aim of the present work. Here we perform ground-state calculations based on hybrid-DFT [20] [21] [22] that provide a meaningful starting point to obtain electronic quasiparticle corrections. The latter are determined here within the GW 0 and GW, as well as the fully self-consistent QSGW approach [23] [24] [25] . While QSGW quasiparticle energies were calculated before for ZnS and ZnSe [26, 27] , corresponding data for ZnTe and ZnO are-as far as we know-reported here for the first time. The linear optical response including electron-hole interaction is then obtained within the BSE [28] [29] [30] [31] [32] , and the SHG spectra are determined on the level of the independent-(quasi)particle approximation [33] [34] [35] . Our work goes beyond previous optical-response calculations by starting from self-consistently obtained quasiparticle energies.
The calculated results are discussed in the context of the available experimental data and previous calculations. In the case of ZnO, where only few experimental SHG data are available, measurements of the relative SHG intensities were made in order to allow for a comparison of theory with experiment.
Computational
In detail, the electronic ground state is obtained from hybrid-DFT using the HSE functional [20] [21] [22] as implemented in the vienna ab initio simulation package (VASP) [36] . The electron-ion interaction is described using the projectoraugmented-wave (PAW) scheme [37] [38] [39] . The present calcul ations are based on the experimental lattice constants summarized in table 1.
The self-consistently calculated hybrid-DFT electronic structure is used as a starting point for quasiparticle calculations within the GW scheme [40] , where the self-energy operator is expressed as a convolution of the single-particle propagator G and the dynamically screened Coulomb interaction W. Specifically, we perform one-shot G W 0 0 calculations, where the Green function and Coulomb potential are immediately obtained from the DFT electronic structure [25] , as well as partially self-consistent GW 0 and GW calculations, where the energy eigenvalues are self-consistently updated in either G only or in both G and W [23] . In these schemes it is assumed that the quasiparticle wave functions are very similar to the Kohn-Sham wave functions. This assumption is dropped in the QSGW calculations, where the quasiparticle equation is solved self-consistently [24, 41] . We adopted the notation of Van Schilfgaarde et al [42] in order to distinguish the QSGW calculations performed here from the self-consistent iterative solution of the Dyson equation sometimes referred to as scGW [43, 44] . The optical matrix elements in the QSGW calculations are updated using the perturbation-expansion-afterdiscretization finite-difference method according to Nunes and Gonze [45] . In all quasiparticle calculations described above, the energetically lowest 40 (80) states for ZnS, ZnSe, and ZnTe (ZnO) are updated.
Quasiparticle GW calculations are sensitive to the pseudopotentials and require careful convergence tests with respect to the number of electronic states as well as the Brillouin-zone (BZ) sampling, see, e.g. Klimeš et al [39] . An even denser k-point sampling is typically required for accurate calcul ations of the optical properties. On the other hand, quasi particle calcul ations become expensive in memory and computation time with increasing k-point sampling. Therefore, different sets of numerical parameters are used here. The Zn 3d quasi particle energies for cubic Zn compounds and ZnO are obtained using a × × 6 6 6 and × × 6 6 3 BZ sampling, respectively. Here we use energy cutoffs of 1000 eV and 600 eV for the HSE03 calculations and the determination of the response function in the GW calculations, respectively. The calculations of the self-energy include 1280 and 2650 states for cubic and hexagonal compounds, respectively. We perform calculations using both the standard and the GW PAW data sets provided with VASP. The latter are optimized with respect to the scattering properties at high energies but conv erge more slowly with respect to the number of bands [39] . The optical-response calculations require a denser BZ sampling (see below) and are therefore performed using standard PAW data sets and energy cutoffs of 400 eV and 200 eV for the HSE03 calculation and the determination of the response function in the GW calculation, respectively. The latter calcul ations include 160 and 320 states for cubic and hexagonal compounds, respectively. From the calculations using these different parameter sets, we estimate a numerical error bar of 0.1 and 0.2 eV for transitions energies close to the band gap and the 3d binding energies, respectively.
The calculation of the non-local response functions, see, e.g. [46] , is simplified in the present work, since (i) we only consider translationally invariant systems and (ii) are interested in the response to electromagnetic waves with relatively small photon energies. The corresponding photon wave vectors are small compared to the extent of the Brillouin zone. Therefore, we restrict ourselves to the optical limit, i.e. vanishing wave vectors. Specifically, the long-wavelength limit in the longitudinal approximation [47] is used to determine the transition-matrix elements. The optical spectra are found to be well converged using regular, Γ-centered grids of × × 18 18 18 and × × 18 18 9 sampling points for the cubic and hexagonal Zn-VI compounds, respectively. These grids are used for optical-response and the corresponding quasiparticle calculations. The short-range Fock potential may be represented on a considerably coarser mesh in the BZ than other contributions to the Hamiltonian [48] . Here a reduction by a factor of three is found to reduce the computational effort considerably with no noticeable loss of accuracy. A transformation of the electron Bloch states to maximally-localized Wannier functions (MLWF) [49] is used to obtain the band dispersion from a finite number of sampling points along the BZ highsymmetry lines.
The linear optical response including electron-hole attraction and local-field effects is obtained from the Bethe-Salpeter equation using the numerical implementation described in [28, 29, 31, 32] . The excitonic Hamiltonian is set up from the previously determined quasiparticle states and energies, and the screened electron-hole interaction is described by Bechstedt's model dielectric function [50] . The numerically converged representation of the ZnO critical-point contribution to the optical response is ensured by using a hybrid k-point mesh as suggested by Schleife et al [18] . Secondharmonic-generation spectra are calculated within the independent-particle or independent-quasiparticle approximation based on the hybrid-DFT or quasiparticle electronic structure, using the expressions derived by Leitsmann et al [33] . Figure 1 shows the electronic band structures calculated here for the Zn chalcogenides and ZnO with the experimental lattice constants. Key parameters, such as the calculated band gaps in the various approximations as well as the calculated high-frequency dielectric constants ∞ ε , are contained in table 1. As expected from the cubic symmetry, ZnS, ZnSe, and ZnTe show similar band dispersions. The band gaps vary, however. Here direct band gaps of 3.10, 2.22, and 1.97 eV are calculated within hybrid-DFT. These values are close to the hybrid-DFT results of Kresse et al [51] but clearly underestimate the respective experimental data also given in table 1. This underestimation of the Zn-chalcogenide band gaps is essentially lifted upon performing one-shot G W 0 0 calculations. This increases the band gaps by 20, 25, and 15% for ZnS, ZnS, and ZnTe, respectively, and yields band gaps that are within or very close to the scatter of measured values. It should be noted again that our non-self-consistent G W 0 0 calculations are based on HSE wave functions and energy eigenvalues and thus yield larger band gaps than previously reported calculations based on the local-density approximation or semilocal functionals [52] .
Results
A further moderate increase of the calculated band gaps is found by performing partially or fully self-consistent quasiparticle calculations. In the case of ZnS and ZnSe, we find that fully self-consistent QSGW calculations overestimate the measured band gaps severely by at least 0.4 and 0.5 eV, respectively. Similar effects have been reported for other materials [51, 53] and traced (i) to the neglect of excitonic effects in the screened Coulomb potential accompanied by the underestimation of the high-frequency dielectric constant ∞ ε (see comparison of calculated and measured values in table 1) as well as (ii) the neglect of zero-point motion and electron-phonon coupling, which redshift the electronic trans ition energies. The present results for ZnO show a similar trend as calculated for the Zn chalcogenides: the hybrid-DFT results clearly underestimate the measured band-gap values. This underestimation of more than 30% is essentially cured by one-shot G W 0 0 calculations. The agreement between experiment and A more detailed comparison of the electronic structure calculated on different levels of theory with experimental data is made in the Supporting Information. It is found that the deviations between experiment and hybrid-DFT results for states close to the valence-band maximum are typically smaller than 0.5 eV and are in many cases reduced to less than 0.2 eV upon the inclusion of quasiparticle effects. The influence of selfconsistency is minor: the results of one-shot G W 0 0 calcul ations differ from the fully self-consistent QSGW results mostly by less than 0.1 eV. This does not hold for the description of the Zn 3d states, however, as can be seen in table 1. In comparison with experiment, the HSE d-band positions are much too shallow for all compounds considered here. In the case of ZnO, the inclusion of quasiparticle effects improves the agreement between theory and experiment, but experiment and theory still deviate by more than one eV. For the Zn chalcogenides, the discrepancies between the measured d-band energies and the hybrid-DFT results are of the order of one eV but increase upon the inclusion of quasiparticle effects, at least if non-selfconsistent or only partially self-consistent GW schemes are used. Fully self-consistent QSGW calcul ations yield d-band energies that are closer to the experimental data but still too shallow. The problem that the calculated 3d quasiparticle binding energies in the Zn-VI compounds are severely too low in comparison with experiment has been noted before, see, e.g. [23, 26, 27, 39, [72] [73] [74] [75] [76] [77] [78] [79] . The deviations between G W 0 0 calculations and experiment have been attributed to self-consistency effects [72] assumed to arise from a strong hybridization between semicore and valence states, which may result in large non diagonal matrix elements of the self-energy operator [73] . GW calculations for ZnS and ZnSe were found to yield 3d energies that are slightly closer to experiment than the G W 0 0 values [74] , and QSGW calculations [26, 27] improved the calculated energies further. Still, there remained noticeable discrepancies between theory and experiment, possibly related to missing electron-hole and/or vertex corrections [76] , convergence issues [78] or the pseudopotentials [23, 39] . We perform calculations using both the standard and the GW PAW data sets provided with VASP. Both data sets give similar 3d energies (within 0.1 eV) in the HSE calcul ations for all Zn-VI compounds (see parenthetical values in table 1). However, the GW PAW data sets lower the 3d energies by about 0.5 eV in the quasiparticle calculations. The GW 0 calculations with these potentials essentially reproduce the data of [23] . If in addition the quasiparticle wave functions are updated, i.e. if QSGW calculations are performed, the 3d band energies are lowered further. This reduces the minimum deviation from the measured binding energies to 0.3, 0.5, 0.6, and 1.0 eV for ZnTe, ZnSe, ZnO, and ZnS, respectively.
Summarizing the band-structure findings discussed above, we find that HSE + G W 0 0 and HSE + GW reliably describe the electronic structure in the vicinity of the band edges of the Zn chalcogenides and ZnO, respectively, whereas the meaningful description of the Zn 3d states requires, however, the inclusion of self-consistency in the quasiparticle wave functions in addition to carefully devised PAW data. However, as described above, QSGW calculations clearly overestimate the measured band gaps. Therefore we use the HSE + G W 0 0 and HSE + GW electronic structures for the optical response calculations described below. The high-frequency dielectric constants calculated with hybrid-DFT are within the scatter of measured values. They are hence used to set up the model dielectric function [50] , that describes the electron-hole interaction in the BSE Hamiltonian. Figure 2 compares the Zn-chalcogenides optical absorption calculated within the BSE approach based on the HSE + G W 0 0 electronic structure with the experimental data from [5, 6] . Generally, the agreement between the calculated and measured data is excellent. This holds in particular for the ZnS and ZnSe peak positions and line shapes. In the case of ZnTe, the calcul ations do not resolve the measured double-peak structure around 4 eV. This is not related to the broadening parameter in the calculations as can be seen from the inset in figure 2(c) , where we reduce the broadening from 0.2 to 0.1 eV. We also verified that it is not related to spin-orbit coupling effects or the orbital character and energies of the quasiparticle states. Calculations where the BSE Hamiltonian is set up from QSGW energies and wave functions do not improve the agreement between theory and experiment. We mention that very recent TDDFT and BSE calculations for ZnTe by Grüning and Attaccalite [14] also indicate the occurrence of one rather than two peaks at 4 eV, similar to the present findings.
The modeling of the ZnO optical response is particularly challenging and requires a very well converged k-point set [18] . The present calculations start from quasiparticle energies calculated on a regular × × 18 18 9 mesh, which is refined in the vicinity of the Brillouin-zone center by additional × × 9 9 5 sampling points. Smoothly dispersing eigenenergies are obtained by a MLWF transformation. The weight with which the k points enter the calculations is normalized to their respective fraction of the BZ volume. Altogether, the rank of the exciton Hamiltonian solved here in the BSE amounts to 300 000. The ZnO optical absorption calculated for ordinary and extraordinary polarization is shown in figures 3(a) and (b). The calculations describe the measured data [7] very well, given the well-known difficulties to numerically model the ZnO optical response [16] [17] [18] . In particular, the sharp excitonic peak at the onset of the optical absorption is excellently reproduced. The oscillatory behavior of the absorption for photon energies between 4 and 8 eV might indicate the need for a further increase of the k-point sampling. This is at present computationally not feasible, however. On the other hand, temperature effects, not considered in the calculations, might have washed out part of the spectroscopic fine structure in the experiment. The calculations predict a higher absorption than experimentally measured for energies above 12 eV.
Obviously, HSE + G W 0 0 + BSE and HSE + GW + BSE calculations allow for a nearly perfect description of the II-VI-compound optical response. Slight deviations between experiment and theory might be related to temperature effects [53, 55, 80] .
Second-harmonic-generation (SHG) spectra are calculated next. For computational reasons we are restricted to the [8] shows clear deviations with respect to line shapes and intensities, however. The onset of the spectra is overestimated, while the SHG strength is generally underestimated, in particular for ZnS and ZnSe. Overall, the IPA spectra agree better with experiment than the IQA spectra. This may indicate a strong influence of excitonic effects [83] on the optical nonlinearities neglected in the present calculations, which are, however, partially compensated by quasiparticle effects. This indicates that SHG calculations on the IPA level of theory are a meaningful starting point for the interpretation of the experiment.
Very recently, Grüning et al [14] presented TDDFT calculations for the nonlinear optical properties of bulk Zn chalcogenides. The calculated nonlinearities are smaller than the present IPA/IQA calculations and also smaller than experiment if the exchange-correlation kernel is described within the generalized gradient approximation (GGA), see the grey lines in figures 4(d)-(f). The calculated SHG coefficients increase, however, as soon as models are employed that approximate long-range correlation effects [81, 82] , see the blue and magenta lines.
ZnO in the wurtzite structure has the point group 6 mm and features three distinct SHG components / ( ) ( ) was determined to be 11 [10] and 4 [11] . The large scatter in the experimental data is related to the sample prep aration, and in particular to the thickness of the ZnO films studied. In [9, 11] it was concluded that a significant part of the second-harmonic signal is generated at grain boundaries and interfaces. Therefore, the second-order susceptibilities observed in the very thin ZnO films are enhanced and can be larger than that of single-crystal ZnO.
In order to have a broader data base for the comparison between the present calculations and measured SHG intensities, we perform experiments using the setup schematically shown in figure 6 . Specifically, the linearly polarized fundamental light with photon energy ω ħ was generated by an [14] , where the exchange-correlation part of the kernel is described using the GGA (grey), the bound-exciton model by Berger [81] (magenta), and the jellium-with-gap model [82] 
(blue). Note the different scales in (d)-(e).
optical parametric amplifier (OPA) tunable in the wavelength range of − 315 2650 nm and emitting pulses of 3.3 ps duration. The OPA is pumped by 1030 nm of a Yb:KGW fs laser in combination with a second-harmonic bandwidth compressor. Depending on the wavelength output, powers of up to 1 W can be realised. Measurements are performed with several hundred µW. The SHG signal is collected in transmission geometry using two silica lenses with a focal length of 100 mm. The polarization angle φ is rotated for each excitation energy, and the resulting total polar intensity of the SHG, exemplarily shown in figure 6 , is fitted to the expression find nearly perfect agreement between the IPA calculations and the value determined for single crystals in [10] . We also mention that measured second-order susceptibility ratios are only little affected by temperature: the maximum deviation between the data measured at 7 K and at 300 K amounts to 16% and is therefore smaller than most differences between experiment and theory observed here. Given the scatter in the experimental data, the comparison between experiment and theory has to be made with caution. Nevertheless, comparing the IPA and IQA calculations with experiment, it appears that the IPA describes the measured ZnO data sligthly better. This agrees with the observations made above for the cubic Zn chalcogenides and might indicate that the excitonic influence on the optical nonlinearities partially compensates the quasiparticle effects.
Summary
In summary, self-consistent quasiparticle calculations based on hybrid-DFT are performed for cubic ZnS, ZnSe, and ZnTe as well as hexagonal ZnO. It is found that the band edges of the Zn chalcogenides are reliably described by one-shot G W 0 0 calcul ations on top of the hybrid-DFT electronic structure, while in the case of ZnO the inclusion of self-consistency effects in the Green function leads to an accurate description of the band gap. Fully self-consistent QSGW calculations are required for the correct modeling of the Zn 3d states, however. On the other hand, QSGW calculations overestimate the fundamental band gaps by typically half an eV, which is most likely related to excitonic effects in the screened Coulomb potential and the zero-point renormalization. Solving the Bethe-Salpeter equation starting from the HSE + G W 0 0 and the HSE + GW electronic structure results in optical absorption spectra for the Zn chalcogenides and ZnO, respectively, that excellently match the measured data. We also find the nonlinear optical spectra calculated within the independentparticle approximation to be in qualitative agreement with the measured data. The agreement does not improve upon the inclusion of quasiparticle effects, which may indicate a partial compensation of excitonic and self-energy effects. (1), while the squares and diamonds refer to experimental data A, B, and C from [9] [10] [11] . 
